Measurement of vector correlations in molecular scattering is an indispensable tool for mapping out interaction potentials. In a coexpanded supersonic beam, we have studied the rotationally inelastic process wherein deuterium hydride (HD) (v = 1, j = 2) collides with molecular deuterium (D 2 ) to form HD (v = 1, j = 1), where v and j are the vibrational and rotational quantum numbers, respectively. HD (v = 1, j = 2) was prepared by Stark-induced adiabatic Raman passage, with its bond axis aligned preferentially parallel or perpendicular to the lab-fixed relative velocity. The coexpansion brought the collision temperature down to 1 kelvin, restricting scattering to s and p partial waves. Scattering angular distributions showed a dramatic stereodynamic preference (~3:1) for perpendicular versus parallel alignment. The four-vector correlation measured between the initial and final velocities and the initial and final rotational angular momentum vectors of HD provides insight into the strong anisotropic forces present in the collision process.
O ne of the most fundamental goals in chemical physics is to understand the interaction forces that bind matter together at the quantum level. Scattering experiments have proven to be a powerful tool for probing these inherently anisotropic forces (1, 2) . The field of cold collision dynamics (temperatures of 1 to 2 K) was born out of the recognition that, at ambient temperatures, information about the interaction potential is blurred by the presence of many orbital angular momentum states (partial waves) associated with the translational degrees of freedom of a scattering interaction (3, 4) . To gain a clear understanding of the interaction potential, it is therefore essential to reduce the energy at which the collision occurs, as this removes partial waves of higher angular momentum. One commonly used technique to reach temperatures of a few kelvin is paired molecular beams (5, 6) using a variety of techniques, including decelerating to low velocities (7 ) , crossing at shallow angles (8) , and merging (9) (10) (11) . Here we use a technologically simpler method of generating collisions, whereby both partners in the colliding pair are supersonically expanded in the same jet, which brings the collision temperature down near 1 K. This technique bears some similarity to the well-established CRESU technique, although CRESU has never reached collision temperatures below 8 K (12) . At temperatures near 1 K, the de Broglie wavelength becomes comparable in dimension to the long-range portion of the interaction potential, which is extremely sensitive to the anisotropy resulting from molecular orientation (4, 13) . This imposes a second important condition: The initial internal quantum state of the molecules must be completely defined. Otherwise, averaging over a large number of states will wash out signatures of the anisotropic part of the interaction potential.
Over the years, many methods have been developed to prepare or select both specific internal energy states and molecular orientation and alignment for use in collision experiments (14) (15) (16) . These include brute force orientation (17) , hexapole state selection (18) (19) (20) , and optical pumping (21) (22) (23) . Until recently, however, it remained difficult to prepare sufficient concentrations of specific quantum states of H 2 to obtain a reasonable signal-to-noise ratio in a scattering experiment. H 2 is particularly important because it is both the most abundant neutral molecule in the universe and the most tractable theoretically. Stark-induced adiabatic Raman passage (SARP) can prepare specific rovibrationally excited, aligned states of H 2 and its isotopologues (24, 25) . By selecting specific m states (m gives the projection of the rotational angular momentum vector on a quantization axis) within a single rovibrational (v, j ) energy eigenstate, where v and j are the vibrational and rotational quantum numbers, respectively, SARP polarizes the angular momentum vector j, thus allowing full stereodynamic control of a scattering experiment. Although stereodynamic control has been demonstrated in ultracold polar molecules oriented by using electric fields (26) , SARP allows both control of nonpolar homonuclear diatomic molecules at a wide range of temperatures and observation of collisions under field-free conditions. Quantum state preparation using SARP combined with coexpansion of the colliding partners in a single beam provides a simple experimental method to simultaneously define both the internal and external (orbital angular momentum) quantum states for collisions involving hydrogen molecules. By selecting specific m states, SARP defines the direction of the angular momentum vector, or the axis of the molecular gyroscope, relative to the direction of approach. Performing collision experiments with hydrogen molecules prepared in this way allows the characterization of fundamental potential energy surfaces by directly relating experimental results to theoretical predictions without averaging. Experiments of this sort are essential to understand the quantum mechanics of molecular interactions.
A large number of theoretical studies on inelastic collisions involving hydrogen molecules have been done in the past, which systematically point to the presence of resonances near 1 K (27) (28) (29) (30) . These resonances suggest that strong van der Waals forces may govern these collisions, but no experiments have yet tested any of these predictions. Previous H 2 scattering experiments have been conducted at collision energies considerably higher than the energy separation of the rotational states (31) (32) (33) . At these high collision energies, analysis of the experimental data, which necessarily involves a large number of partial waves, has yielded useful, but limited, information about the interaction potential.
We describe a low-energy scattering experiment of HD with D 2 coexpanded in a single supersonic beam with a 1:5.5 ratio of HD to D 2 . SARP was used to prepare HD in specific m states of a rovibrationally excited (v = 1, j = 2) energy eigenstate. By preparing HD, we are able to take advantage of the strong Dj = 1 rotational relaxation HD (v = 1, j = 2)→HD (v = 1, j = 1). A detailed description of the state preparation as well as the scattering experiment is given in the supplementary materials and methods. By selecting specific m quantum states and limiting the partial wave components to s (l = 0) and p (l = 1), where l is the orbital angular momentum quantum number, we measure a fourvector correlation, namely k-j-k′-j′, where k and k′ are the initial and final velocity vectors of HD in the center-of-mass frame, and j and j′ are the initial and final rotational angular momentum vectors of HD. The importance of vector correlations for understanding stereodynamics in molecular collisions has been recognized since the pioneering work of Herschbach and co-workers (34) (35) (36) . Figure 1A shows the speed distributions of HD and D 2 in the coexpanded molecular beam, which were calculated from time-of-flight measurements of HD (v = 1, j = 2) and D 2 (v = 0, j = 0) after (2 + 1) resonance enhanced multiphoton ionization (REMPI). There is a small, but finite, slip (~46 m/s) in their speed distribution. The collision temperature is~1 K, as determined from the mean relative speed distribution shown in Fig. 1B . Measurement of the rotational distribution shows that in the molecular beam, 59% of the D 2 molecules are found in (v = 0, j = 0), 33% in (v = 0, j = 1), and 8% in (v = 0, j = 2). D 2 molecules were used without further state preparation. Greater than 98% of the HD molecules are in the ground state (v = 0, j = 0), which allows SARP to prepare nearly the entire HD population in a single rovibrationally excited state.
As detailed in the supplementary materials and methods, HD molecules were prepared in the (v = 1, j = 2, m = 0) state using SARP with a delayed sequence of a single-mode pump pulse and a single-mode Stokes pulse transversely intersecting the molecular beam within the high-vacuum reaction chamber. As has been demonstrated in earlier work, by using partially overlapping pump and Stokes pulses, we achieved near complete population transfer from HD (v = 0, j = 0) to HD (v = 1, j = 2, m = 0). More detailed information on the SARP process can be found elsewhere (24, 37) . Figure 2 shows the parallel and perpendicular collision geometries, indicated by H-SARP and V-SARP, respectively. In H-SARP ( Fig. 2A) , we align the HD (v = 1, j = 2) molecular bond axis preferentially parallel to the flight direction using linearly polarized pump and Stokes pulses with their direction of polarization aligned along the molecular beam axis. In V-SARP (Fig. 2B) , we align the HD (v = 1, j = 2) molecular bond axis preferentially perpendicular to the flight direction using pump and Stokes pulses perpendicularly polarized with respect to the molecular beam axis. Because the colliding partners HD and D 2 are coexpanded in a single molecular beam, the direction of their relative velocity is extremely well defined (±10 mrad). By aligning the molecular bond axis parallel (H-SARP) and perpendicular (V-SARP) to the relative velocity of the colliding partners, we are able to achieve a high degree of stereodynamic control over the scattering interaction. Figure 3 shows the time-of-flight distribution of the scattered HD (v = 1, j = 1) for both H-SARP and V-SARP. Within experimental uncertainty, the same distributions are recorded for a 1:29 HD:D 2 mixture, showing that collisions of HD with itself make no notable contribution to the observed time-of-flight spectrum. The experimental data in Fig. 3 demonstrates remarkable stereodynamic effects, with V-SARP nearly three times as strong as H-SARP, in the total and differential scattering cross sections. The energy released by the rotational relaxation of HD (v = 1, j = 2)→HD (v = 1, j = 1) is insufficient to rotationally excite D 2 because electrostatic interactions are unlikely to change nuclear spin, precluding ortho-to-para conversion. Fitting the time-of-flight distribution of the unscattered HD (v = 1, j = 2) molecules, given by the magenta curves in Fig. 3 , allows us to extract the mean molecular beam velocity. Because the center-of-mass frame coincides with the lab frame moving at the mean velocity of the unscattered HD molecules, the conversion from time-of-flight to scattering angle is simplified, as detailed in the supplementary text.
We have performed a partial-wave analysis of the time-of-flight distribution shown in Fig. 3 , A and B. For the analysis, we assumed the quantization z axis oriented along the relative velocity of the colliding partners, which coincides with the lab-frame molecular beam axis as well as the time-of-flight axis. The relation between the center-of-mass scattering angle (q) and the mea- 
where dW gives the differential solid angle in the direction defined by q and ϕ. For clarity, m f refers to the z-axis projection of the angular momentum vector j of the scattered HD (v = 1, j = 1), whereas m refers to that of the unscattered HD (v = 1, j = 2). In Eq. 1, ð ds dW Þ j¼1;mf represents the differential scattering cross section for a given outgoing channel, with j = 1, m f = 0, ±1. The partial-wave analysis described in the supplementary material is considerably simplified when the angular momentum quantization axis lies along the time-of-flight axis. In reference to this system of coordinate axes (see Fig. 2A ), the state prepared using V-SARP becomes a 2 of 4 superposition of m = 0 and m = ±2 states as follows:
For simplicity, the vibrational quantum number (v = 1) is omitted in Eqs. 1 to 4. Each outgoing channel of the scattered HD (j = 1, m f ) will have contributions from all three input channels, HD ( j = 2, m = 0, ±2), in Eq. 2. Therefore, for each outgoing channel (designated by a given value of m f ), the scattered angular distribution for V-SARP results from the interference of the scattering amplitudes associated with the three input channels as follows: 
In Eq. 3, q j¼2;m→j¼1;mf represents the state-tostate scattering amplitude within a differential solid angle dW along the direction (q, f) defined with respect to the quantization z axis. For H-SARP, where the direction of laser polarization is parallel to the quantization z axis (see Fig. 2A ), no coordinate transform is needed, and the differential scattering cross section for an outgoing channel with a specific value of m f is given by ds dW
On the basis of prior calculations on H 2 -H 2 rotational relaxation (38), we assume a range of 4 Å for the anisotropic part of the potential responsible for the Dj = 1 rotational relaxation in this HD-D 2 collision. At the collision energies of~0.1 meV present in our experiment, this range limits the dominant contributing partial waves to s and p. Considering contributions of only the s and p partial waves in the input channel, we are able to derive an expression for the state-to-state scattering amplitude q j¼2;m→j¼1;mf as a sum of the outgoing partial waves described by the spherical harmonics Y lm . Here, l and m refer to the outgoing orbital angular momentum and its projection on the quantization z axis. The details of this derivation are given in an exemplary case in the supplementary materials, along with the derived scattering angular distributions, which are obtained after replacing each state-to-state scattering amplitude q j¼2;m→j¼1;mf in Eqs. 3 and 4 in terms of the outgoing spherical waves. The derived scattering angular distributions derived in this way were used to fit the experimental data shown in Fig. 3 . This fitting procedure enables the separation of the contributions of the outgoing channels with different values of m f , which correspond to different angular momentum polarizations of the scattered HD (v = 1, j = 1). . Partial-wave analysis allows us to determine the direction of the final angular momentum j′ as a function of the scattering angle k′. Because the initial velocity k is well defined by the molecular beam axis and the direction of the initial angular momentum vector j is controlled by SARP, we are able to measure the four-vector correlation, k-j-k′-j′.
From the derived polarization-dependent angular distribution, it is immediately apparent that the angular momentum polarization present in the initial HD molecules has been lost. For both Perreault , which has been scaled to match the scattered distribution height and therefore serves only as a visual reference of the initial velocity distribution. In both (A) and (B), the black solid curve (theory) shows fitting using partial wave analysis as described in the text. The time-of-flight data plotted in (A) and (B) can be found in data files S3 and S5, respectively. Both data files have been background subtracted to remove off-resonantly generated ions. The H-SARP data (data file S3) shown in (A) has been normalized to the REMPI power and the total experimental run time used in the collection of the V-SARP data (data file S5) shown in (B). The timeof-flight data for the unscattered HD (v = 1, j = 2) can be found in data files S4 (H-SARP) and S6 (V-SARP). Counts, the total number of scattered HD (v = 1, j = 1) molecules detected in a given time-of-flight interval over the duration of the scattering experiment. by fitting the experimental data presented in Fig. 3 . The angular distributions for specific outgoing angular momentum polarization are given by the blue and magenta curves.
H-SARP and V-SARP prepared HD, the scattered molecules have not preserved the initial molecular alignment. Although this behavior contradicts the well-known Dm = 0 selection rule for collisions (39) (40) (41) , this is to be expected for molecular scattering where the depth of the anisotropic potential is substantially greater than the collision energy. As such, the observed depolarization provides clear evidence of anisotropic interactions that strongly couple the internal and orbital angular momenta. These strong forces suggest that a transient van der Waals complex may be present at the collision energies of this experiment. We can make an order-of-magnitude estimate of the total collision cross section using a procedure that is described in the supplementary materials. For the initial HD molecular state prepared by V-SARP, we find an integral cross section of~42 Å 2 , whereas for the state prepared by H-SARP, it is reduced by a factor of 3 to~14 Å 2 . Our estimated cross section seems to agree with a prior theoretical prediction (30) within an order of magnitude, suggesting again the presence of a van der Waals resonance as described in that reference.
Without both HD state preparation using SARP and reduction in the number of involved partial waves due to the cold collisions present in the coexpanded molecular beam of mixed gases, the remarkable stereodynamic information revealed in these experiments would have been obscured. This study demonstrates conclusively the importance for collision dynamics of the preparation of initial quantum state of the entire system, including all possible degrees of freedom.
